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I.    INTRODUCTION 

The HC1 chemical laser  '     was the first system reported in which a 

population inversion was produced by a bimolecular reaction,   in this case, 

t H + Cl2—• HC1  + CI 

Corneil and Kasper    suggested that deactivation of HCl'   by atomic 

species,   in particular Cl atoms,  is a limiting factor in the laser performance 

subsequently,   several independent groups supported that hypothesis by meas- 

uring the rate of 

Cl + HC1(1)—*C1 + HC1(0) !2) 

12        3 4 
to be ~ 5. 1 X 10       cm   /mol-sec at room temperature.       Even though Cl atoms 

are in higher concentration than H atoms in the H?-C1? chain laser,   under some 

experimental conditions and for other HCl laser systems,   the rate of H-atom 

quenching of HCl    may also be significant.     The measurements reported here 

provide a basis for such a comparison.    The results an- discussed in the context 

of previous experimental and theoretical studies on the H?C1 system. 
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II.    EXPERIMENTAL 

The apparatus has been discussed in some detail in a previous study    of 

the kinetics of H + HF(v =1).    In general,  only the modifications to that system 

will be presented. 

Hydrogen or deuterium atoms are generated by a microwave discharge 

through a mixture of H?(D?) and He.    The mixture of H,   H2,   and He flows 

through a 20-cm-long section of 1-cm i.d.  quartz coated with halocarbon wax 

prior to entering the similarly coated 2.2-cm i.d.  pyrex fluorescence cell.    All 

experiments were conducted with He diluent at total pressures of 1.6 to 2.5 

Torr with partial pressures of H2 or D_ between 0. 1 and 1.2 Torr.    The H(D) 

atom concentration ranged between 0.005 and 0.05 Torr (between 2.7 X 10 

-9 3 and 2.7 X 10   ' mol/cm  ).    HC1 injected into a flow of H atoms is subject to 

removal by H-atom abstraction and,   in the case of a D-atom flow,   by Cl-atom 

abstraction.    To minimize these effects,   a 3-mm-diam teflon tube was used to 

inject the HCl(DCl) into the main gas flow only 2 cm upstream of the fluores- 

cence window.    At the average flow velocity of 300 cm/sec,   the time for reaction 

was 7 msec before the HC1 reached the center of the fluorescence window. 

Despite the use of this procedure,   substantial removal of the HC1(0) or DC1(0) 

was observed.     For example,   the [HC1(0)] was reduced by a factor of 2 at a 

[ D] *» 1.2 X 10"    mol/cm   .    The fraction of HC1 removed at the fluorescence 

window was estimated from the intensity reduction of the laser-induced fluores- 

cence signal since that signal is proportional to the (HC1(0)] at the low concen- 

tration,   one can obtain reasonably accurate estimates of the absolute rates for 

H and D atom removal of HC1(0) and DC1(0). k  6 
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In addition to reducing the fluorescence signal,   the "prcreactions" cited 

above introduce Cl atoms,   HD,   and DC1 as vibrational deactivators and remove 

HC1,   D?,  and D as deactivators.    The concentration of HC1 was reduced to 

~0.001  Torr to avoid these complications.    At these small HC1 concentrations, 

it was necessary to employ digital signal averaging techniqes.    Results ob- 

tained for H + HCl(v = 1) deactivation at high HC1 concentrations    (~0.05 Torr) 

agreed with the data taken at the low HC1 concentrations.    Experiments with the 

other isotopic combinations were performed only at the low HCl(DCl) concen- 

trations. 

The fluorescence was detected with an InSb infrared detector operated at 

77 K; the resulting signal was amplified by a Perry Model 050 amplifier and 

recorded with a Biomation 805 transient recorder.    The recorded signals were 

transferred to a Nicolet Model  1072 signal averager,  where 32 to 128 experi- 

ments were stored and averaged before being displayed on an X-Y recorder. 

The gases used included H2 (Matheson Co.,   99.95%),   D2 (Oak Ridge, 

> 98%),   He (Air Products.   99.99%),   HC1 (Matheson Co..   99.99% in liquid phase), 

and DC1 (ICN, > 98%).    The bottle of DC1 was cooled to 195 K,   but otherwise 

was not purified.    The He (at 16 psia) flowed through a Linde 5A molecular 

sieve trap at 77 K before entering the flow tube.    The remaining gases were 

used without further purification. 

Results obtained *ith the Hy and D^ passing through a trap at 77 K were 

indistinguishable from data obtained without the cold trap.    No power change 

on the probe was measured when the microwave discharge was struck in He 
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with the H9(DJ completely shut off,  which indicated that there was no 

discharge-induced heating effect on the probe and that no impurities in the 

He contributed to the atom measurement. 
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III.    RESULTS 

The time history of the HCl(v = 1) fluorescence intensity subsequent to 

the laser excitation was recorded with no atoms present (the microwave dis- 

charge turned off) as well as with the H atoms present.    A sample set of fluores 

cence traces is shown in Fig.   1.    Semilogarithmic plots of the fluorescence 

intensity gave straight lines from which exponential decay times were deter- 

mined.    A set of data that includes the decay times in the absence (TQff) and 

presence (T     ) of the microwave discharge is listed in Table I.    These data r on 
were obtained at a total pressure of ~2. 5 Torr and an HC1 partial pressure cf 

-1        -1 
on        off 0.05 Torr.    The change in the decay rate A(1/T) - T^ - T~£f can be directly 

related to the H-atom concentration by 

A(l/T) = (kHC1.H-l/2kHC1_H2)(H] 3) 

where k   ^,   „ and k„_,   „    are rate coefficients for HCl(v = 1) deactivation by 
HC1-H HC-I-H^ 

H and H?,   respectively.    Other effects,   such as gas heating and changes in 

impurity deactivation were negligible contributions and,   thus,   were neglected 

in Eq.  (3).    Figures 2 through 5 are plots of A(1/T) versus [if] and (D] for the 

relaxation of HCl(v s 1) and DCi(v = 1). 

In the D + HCl(v =  1) experiments.   HC1(0) injected into the stream of D. 

D  .  and He can react with D atoms by one of two channels 

D + HCl(0)i^DH + Cl (4) 

I 
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Fig.   1.   Fluorescence signals from HCl(v =  1) obtained with 
and without H atoms.    Average of 32 traces; 
[HJ   :|.lx   10-9 mol/cm3; [H2J   ;2.|x   10"8 mol/cm3; 
[HClj **  5 x   10-11 mol/cm3; total pressure = 1.84 Torr 
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o 
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CD * 
C3 

H] x 109, mol/cm3 

Fig.  2.    Removal rate of HCl(v      1) by H atoms.    H-atom 
concentration uncorrected for probe position; circle« 
are for HC1 «* 0.05 Torr; triangles are for HC1 •» 0.001 
Torr. 

-12- 



[D].X 109mol/cm: 

Fig.   3.    Removal rate of KCl(v =  1) by D atoms.    D-atom 
concentration uncorrected for probe position.    Four 
sets of data are shown. 
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Fig.  4.    Removal rate 01 DCl(v  = 1) by H atoms.    H-atom 
concentration uncorrected for probe position. 
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Fig.   5.    Removal rate of DCl(v = 1) by D atoms.    D-atom 
concentration uncorrected for probe position. 
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and 

D + HC1(0)^DC1 + H (5) 

At large concentrations of D atoms (~0.02 Torr),   the peak intensity of the 

laser-pumped HCl(v = 1) fluorescence was reduced to less than half the intensity 

that was observed without any D atoms present.    The removal of HC1 was kinet- 

ically controlled since the large concentration of D atoms relative to HC1 would 

have removed a much larger fraction of the HC1 if equilibrium had been reached. 

Above ~0.04 Torr of D atoms,   the decay rate A(1/T) did not increase in propor- 

tion to increases in the D atom concentration,   but rather reached a plateau. 

The phenomenon was not caused by the response time of the detection system 

but appeared to be correlated with the large fraction of HC1 removed by 

Reactions (4) and (5).    The interpretation of these observations is unclear,   and 

we have calculated the rate coefficient from the data for the lower pressures of 

D atoms. 

The two sets of data plotted in Fig.  2 were obtained with ~0. 05 Torr of 

HC1 for the open circles and ~0. 001  Torr of HC1 for the closed circles;  they 

were taken one year apart.    The reproducibility of the D + HC1 measurement 

was not as good; four sets of data are shown in Fig.   3,   three of which agree 

and one of which has a slower rate by a factor of 0.7 5.    We have reported the 

rate indicated by the three agreeing sets of data. 

For most of the experiments,   the isothermal probe was positioned ~3. 5 

cm downstream from the point at which fluorescence from the laser-excited 

HCl(v = 1) was monitored.    Probe measurements with and without HC1 indicated 

-:*- 
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that the H-atom concentration decreased along the flow direction such that the 

actual H-atom concentration in the fluorescence volume was ~20 ± 10% larger 

than that measured by the probe at its usual downstream position.    Measurements 

of the fluorescence decay rates combined with atom measurements obtained with 

the probe at several positions also indicated the 20 ± 10% effect on the rates for 

each of the isotopic combinations.    Therefore,   the rates calculated from the data 

in Figs.  2 through 5 have been reduced by a factor of 1.2 to reflect this probe 

position correction.    The corrected rate coefficients are listed in Table II.    A 

value of 1 X 10      cm   /mol-sec for ^HCin   was taken from Refs. 7 and 8.    The 

9   10 other molecular deactivation rates   '       are negligible contributions to Eq.  (3). 

We have assigned uncertainties to the results in Table II on the basis of 

±10% for the standard deviation calculated for each set of data and ±20% for 

systematic error.    The latter comes primarily from the H-atom measurement 

and represents possible errors in the H-atom mass flow rate (calorimetric 

probe),   He mass flow rate (flow meter),   and total pressure.    The relative rates 

for the several isotopic combinations have smaller uncertainties than the 

absolute rates since the systematic errors are largely the same in each case. 
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IV.    DISCUSSION 

The results of the four isotopic experiments involving H- and D-atom 

removal of HCl(v = 1) and DCl(v = 1) are given in Table II along with the results 

of a previous experiment      and a trajectory calculation      for H + HC1( v = 1). 

Although three classical trajectory calculations have been reported for this 

system, 12'14 only that of Wilkins12 is directly comparable to the experiments. 

This calculation disagrees sharply in magnitude with experiment,   but there is 

agreement    '       that for the two distinguishable reactions 

H + HC1(1)-S.H9 + Cl (6) 

and 

H + C1H(1)—i- H + C1H(0) (7) 

k?»k6. 

In an extensive review article on three-atom systems involving hydrogen 

and halogens,   Parr and Truhlar   5 described the sensiiivity of semiempirical 

potential energy hypersurfaces to the exact method of their calculation.    Often, 

such surfaces are calibrated with experimental data of only one type,   e.g.,   an 

Arrhenius equation over a limited temperature range.    Trajectory calculations 

on the surface are then used to refine the surface to the experimental data. 

Smith      has emphasized that agreement between theory and experiment is 

illusory in these situations unless the same surface can predict other kinetic 

properties,   e.g.,   isotope effects. 

-19- 
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In this context,   the H2C1 system is extremely valuable because of the 

wealth of experimental data that is available.    Rate coefficients have been deter- 

mined for 

H + HC1(0)^=^H2 + Cl (8) 

in both directions, 17' 18 although a discrepancy persists with regard to the ratio 

of the forward and backward rate coefficients. In addition,   a considerable 

amount of relative rate data has been obtained for Reactions (4) and (5) and the 

analogous reactions involving H and DC1; however,   some of these data are 

contradictory.    De Vries and Klein      determined that k4/k5 = 0.0 ± 0.9 at 

T = 295 K,   whereas Wood      concluded from similar room-temperature experi- 

ments that for H + DC1,   D-atom abstraction was 20 times more likely than 

Cl-atom abstraction.    It is unlikely that both of these results are correct. 

Arnoldi and Wolf rum      observed that H-atom abstraction is relatively slow 

even for HCl(v =  1) and that the removal of HCl(v = 1) by H-atoms proceeds 

predominantly by other channels.    They could not distinguish between inelastic 

collisions with no atom exchange and reactive collisions involving Cl-atom 

exchange.    These data,  along with the isotopic results presented here provide 

a very useful test of future semiempirical surfaces.    Clearly,   further experi- 

ments are needed that differentiate between Reactions (4) and (5).    Temperature 

dependent data,   even for the overall removal rate of HCl(v = 1) by H,   would 

provide valuable information about the potential energy surface when combined 

with the Arrhenius equation for the ground state reaction kg. 

-20- 
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22 f        . Recent quantum mechanical calculations for the H-F-H      surface have 

brought into question the validity of the semiempirical approximations to that 

surface that are generated from experimental data on F + H2>    The present 

23 
quantum mechanical calculations on the H2C1 surface      are considerably less 

sophisticated than those for H2F.    More precise calculations could better define 

the minimum basis set of experimental data required to construct a semi- 

empirical surface with good predictive power. 

-21- 

___ • —  
 =._ 



REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

J.  V.  V.  Kasper and G.  C.  Pimentel,   Phys.  Rev.  Lett.   \A,   352 (1965). 

J.  V.   V.  Kasper,   Ph.D.   Dissertation,   University of California, 

Berkeley (1965). 

P. H.  Corneil and J.   V.   V.  Kasper,  IEEE J. Quantum Electron.  6, 

197 (1970). 

R.  G.  MacDonald,   C.   B.  Moore,   I.   W.  M.  Smith,   and F.  J.  Wodarczyk, 

J. Chem.  Phys.  62,   2934 (1975) and references therein. 

R.  F.  Heidner,   III,   and J.   F.  Bott,   J.  Chem.   Phys.  63,   1810(1975). 

R.  F.  Heidner,  III,   and J.  F.  Bott,   (to be published). 

B.  M.  Hopkins and H.-L.  Chen,   J.  Chem.   Phys.   57,   3161 (1972). 

H.-L.  Chen and C.   B.  Moore,   J.  Chem.  Phys.   54,  4081 (1971). 

Tables I and II contain a typographical error of a factor of 10. 

H.-L.  Cher, and C.  B.  Moore,   J.  Chem.  Phys.   54,  4072 (1971). 

P.  F.  Zittel and C.   B. Moore,   J.  Chem.   Phys. J38,   2922 (1973). 

D. Arnoldi and J.  Wolf rum,   Chem.  Phys.   Lett.  24,   234 (1974). 

R.  L.   Wilkins,  J.  Chem.   Phys. 63,   534 (1975). 

I.   W.  M.  Smith and P.  M.   Wood,   Mol.  Physics_25,  441  (1973). 

D.  L.   Thompson,   J.  Chem.  Phys. _56,   3570(1972). 

C A.   Parr and D.  G.   Truhlar,   J.   Phys.  Chem.  75.   1844 (1971). 

1.  W.  M.  Smith,   IEEE J.  Quantum Electron. jj_,   698 (1975). 

M.  A.  A.  Clyne and D.  H. Stedman,   Trans.   Faraday Soc.  62, 2164 

(1966). 

-23- 

_^_^ ^ '   



• • • 

18. 

19. 

20. 

21. 

22. 

23 

A. A. Westenberg and N. de Haas.  J. Chem. Phys. 48, 4405 (1968). 

j.  J. Galante and E. A. Gislason,  Chem. Phys.  Lett.   18.  231 (1973) 

and references therein. 

A.  E. de Vries and F. S.  Klein.  J. Chem.  Phys. 41,   3428 (1964). 

G. O. Wood,   J.  Chem.  Phys.   56,   1723 (1972). 

C.  F.  Bender,   B.  J.  Garrison,   and H.   F.  Schaefer,  III.   J.  Chem. 

Phys. 62,   1188 (1975). 

S.  Rothenberg and H.  F.  Schaefer,   III.  Chem.  Phys.  Lett.   10,   565 

(1971). 

-24- 

  



—  

LABORATORY OPERATIONS 

The Laboratory Operations of The Aerospace Corporation is conducting 

experimental end theoretical investigations necessary for the evaluation and 

application of scientific advances to new military concepts and systems.    Ver- 

satility and flexibility have been developed to a high degree by the laboratory 
personnel in dealing with the many problems encountered in the nation's rapidly 

developing space and missile systems.    Expertise in the latest scientific devel- 

opment, is vital to the accompli.nment of tasks related to these problems.    The 

laboratories that contribute to this research are: 

AeroohifSics Laboratory:   Launch and reentry aerodynamics, heat tränt - 
f.r.  reel^n^cTT^emTcal kinetics,  structural mechanics, flight dynanucs. 
atmospheric pollution, and high-power gas lasers. 

Chemistry «nd Phvsics Laboratory:   Atmospheric reactions and •("»•* 
pheric opTcc^emicTreaction. ,» polluted atmospheres.  +**&***!"* 
of excited soecies in rochet plumes, chemical thermodynamics, plasma and 
U..r-indu«a reactions, laser chemistry, propulsion chemistry,   space vacuum 
Lndradiaüon effect, on materials, lubrication and surface phenomena   photo- 
Sensitive material, and ..n.or..  high precision *••* ******'  ***** Sd Zln. 
'.Ho"of physic, and chemi.try to problem, of law enforcement and biomedicine. 

Electronics R.searchLaboratory:   Electromagnetic theory, devices, and 
,ranaeat!on Phenomena;  including pla.m. electromagnetics; quantum electronics. 
U.er.    and .UctrT-opAcs; communication science*,   applied electronics,  semi- 
conduc'tin«    superconducting,  and crystal device physic,  optical and acoustical 
ir.gTng: .;mo.Vh.ric pollufion; millimeter d f.r-infr.red technology. 

Materials ScjtttSli Laboratory:   Development of new materials; metal 
m»,rix compete. BS new lorm. of carbon; te.« and evaluation of graphite 
Tad ceramics in reentry; ipeeecreft materials and electronic components in 
null.ar ws'spon. environment; apphc.tion of fracture mechanic, to stress cor- 
rosion and fatigue-induced fractures in structural metals. 

Space Sciences [   .»oratory:   Atmospheric and ionospheric £*•**•» «**»" 
.iM fr^AraWOsphe.TTleTifty and composition of the atmosphere, auroree 
1S^^.!SS!S^w!!V^i€», co.mic ray.,  gen.ratio« and propagation 
StAwavT.'in them.gneto.ph.re; .ol.r phy.ic.   .«udie. of .oh»"»£•«< 
fl.Ull .pace a.tronomy.  x-ray a.tronomy; the .feet, of nuclear •^••lo"- 
maenet.c storm.,   and iolar activity on the earth', atmosphere, ionosphere,  and 
mUnHosp^r" the effect, of optical,  elect,«magnetic  and p.rticula«. radia- 
tion, in .pace on .pace .y.tems. 
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